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ACBEDFHG.FIKJLNM=OPF5QSRUT5OWVYXZM B XZG.G.F5[\G@RUT B V]M^FZ_
VYG@RU`ZFHa_9bcXdM^MfeFHFHa_^THXZM^M2RUVYaPaSRgMcT5FHa
h QPXUijF5Olk=mnM9OWVYG
o Rgp^pqXdQWOCb^F"QPFHT B FHQPT B FrMts.uZvUw=xyJ zRUQPa"{)|d|ZxKJ {)uyp2RU`ZFHa
}~Sg2UZ XZY^G.F5OPQWV]TOWF5nOW^QPFHa"RUQPFRU^YFOWXQPFHp^QPFHaPFHM=OTHXdG.pcYF5@QPFHpF5OWVYOWV=Fb2RgOR.aWcT B RUaXZYVRg`ZFZ_2cQRgMcbXdQPFHaWOWa
=maOWXZQPVYM^`XZM^FaSRUG.p^YFXd`ZFHXdG.F5OPQmVYMR=XdYcG.F5OWQPVYTNWn5nOWX.qF"G@Rgp^pqF5bXdM9OWX@RaWcQ\RUTHFZ ACB VYa =XZY^G.FTHXdMcaWV]aOPaCVYM
aRUG.p^]F5a(XdbcF5McaWVYOWVYFHafRUM^bQPFS 2FHT5ORgMcTHFHa aOWXZQPFHb.VYMZX)¡F5]a ACB FOWF5¡FHT)RgM.qFpcQWF5¢cYOWFHQPFHbaPVYG.V]RUQWYm£OWXO B FG.VYp^[\G@RUp^pcVYM^`
Rg]`dXZQWVYO B G_9`ZV¡VYMc`RgMF5¤.THVYFHM=OQWFHMcb^FHQWV]M^`V]MQRHm9[\OWQSRUTHVYM^`¥VO B YX)¥¦RgYVRgaPVYMc`^_9caWV]M^`RaPVYM^`ZYFQRHmpFHQp^V¡FH7§ cQ`dFHMcFHQRU¡p^^QPpXZaWFV]aOWXF5nOWFHM^bO B FfZXZYcG.F5OWQPVYTOWF59OWcQWF G.F5O B X9bVYMtXdQPb^FHQOPXp^QPX)nVYbcF RTHXZM==FHM^VYFHM9ORUM^bF5¤.T5V]FHM=O
OWX9XZ¡XZQG.X9b^FH]VYM^`c_ZRgMcVYG@RgOWVYM^`£RUM^bQWFHMcb^FHQWV]M^` B VY` B mTHXZG.p^]F5taPTHFHM^FHaV]MQSR5mn[¨OPQRUTHVYMc`^©FfV]YYcaOPQRgOWF XZ^Q(G.F5O B Xnb¥VO B
ZFHQPb2RUM=ORgMcb^aPT)RgpFHaaW^T B RgaCXdQPFHaOPaRUM^bRH¥M^a)
LNM
XZ^Q p^QPF5nV]Xd^af¥ XdQPªq_9¥fF B RH=F£b^F)RUO ¥VO B O B FG^OPVYaPT)Rg]FC=XZY^G.FQPFHp^QPF5aPFHM9OR)OPVYXZMRgM^b@OPFS¡FH«RgMcVYG@RgOWVYXZMEL¬M@O B V]a
p2RgpqFHQ_2¥fFta B X)¥ B X¥¦OWX.THXZM==FHQWO£^aP2RUIZ­rG.X9bcFHYaCV]M=OWXOPFS¡FHYa)_RgMcb B X)¥®OPX.QWFHMcb^FHQOWF5¡FHYaG@RUp^pFHb
XZM=OPXRUM=m
G.FHa B
O¬mnpqFZ¯k9XZnV]M^`O B FHaWFON¥fXVYaPaP^FHaCG@RUªdFHafO B F"G.F5O B Xnb^aRU^]FXZQRb^FHaWV]`dMcFHQ
°
±9²³P´µ U¶d =XZY^G.F5OPQWV]TCOPFSnOW^QPFHa)_cTHXZG.p^YF5.aPT5FHMcFHa_^G@RUp^p^V]M^`c_nGcOWV]aWT)RUYV]M^`^_=RUM^bcaWT)RUpFHa)
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±  FHaEOPF59OWcQWFHa«=Xd]^G.Vn^FHaqpqF5QPG.F5OOPFHM=OÀb^FQPFHp^Q¡eFHaWFHM9OWFHQÀ]FHaEXd¡ijF5OWaTHXZG.p^]F5nFHaEQ¡eF5pfeF5OWVOPVaÀTHXZG.G.F«]FFH^V]YRU`ZFZ_
R"Xd^QPQP^QPFXdRXZQFSOCFHMaWOWXnTªURUM=OCcM eFHT B RgM9OWVY]YXZMb^FR`eFHXdG,eF5OPQWV]FbRgM^a^M;NWn5=ZXZY^G.V9cFbcF5aWOWV]M¯eF DRF5OPQWFG@Rgpcp¯eF
aWcQ^M^FaP^QW\RgTHFZ¯FZXZYcG.FTHXZM=OWV]FHM=O.b^FHaZRg]FH^QPabcF@bcFHM^aPVOneFF5ObcF@Q¡eF5 cFHT5ORUM^THF eF5T B RgM9OWV]YYXZM^MfeFHFHaFHM =X¡FHYa) § M
p^Q¡eF5¢cOWQPF  FOWF5nFHTHXZG.G.F]F\RgVYOËRUY`ZXdQPVO B G.Fb^FG.VYp¡[7G@Rgpcp^VYMc`^_THF9^V(THXdMcb^^VYO DR.cM T)RUYTH^(b^FQPFHM^b^#F5¤T)RUTHFFHM
RUM^THFHQCb^F"QSRHmZXZMRHZFHTpqF5bËRUYVRUaPVYM^`c_nFHM¡OPVYYV]aRUM=OCcM
aPFH^EQRHm=XdMpRgQCpcV¡F5¬
 XUOWQPF
G.XdOWVYdRgOWV]XdM FHaWOb jeF5OPFHM^b^QPF
RG,eF5O B X9b^Fb^FHaOWF5nOW^QPFHaZXZYcG.Vn^FHaR)¢cM b^F
p^QPXZpXdaPFHQcM XZ¡OWV]CF5¤.TRUTHFF5O
THXdG.G.Xnb^FpXZ^QG.X9bcFHYFHQ)_RUM^VYG.FHQ"F5OQPFHM^b^QPF.YFHaaPT DF5McFHaOPQ DFHaT B RUQP`eFHFHaFHM RUM^THFHQb^FQSRHmZXZME  XdcaVYY]^aWOWQWXZM^atM^XdOWQPF
G,eF5O B Xnb^F"RH=FHT"b^FHap2RHmnaSRg`ZFHaCb^FeFH`eF5OSR)OWV]XdMTHXZG.G.FRXdQF5OXZ
Rtp^QSRgV]QWV]FZ
­RUM^aCM^XZaOWQSR5ZRU¡p^Q¡eFHTeFHb2RUM=OWa)_2M^XdcaRHZXZM^aOWQSRgVYOneFYFp^QWXZ^ DFHG.Fb^FRtQPFHp^Q¡eFHaWFHM9ORgOWVYXZM=Xd]^G.Vn^FGcOWVY[geFHT B F5]YFF5O
b^F£ËRUM^VYG@RgOWV]XdMb^FHafOWF5¡F5]a)­£RUM^a THFp2RgpcVYFHQ)_9M^XZ^aCG.XZM=OPQWXZM^afTHXdG.G.FHM9O(THXZM==FHQOPVYQC]FHafQPFHp^Q¡eFHaPFHM=ORgOWV]XdM^aIZ­ ^aP^FHYYFHa FHM
OWF5nFH]a_9F5O¯THXZG.G.FHM=OT)RUYTH^]F5Q]FCQPFHM^b^b^FHa¯OWF5nFH]aG@Rgp^pfeFHaaWcQbcF5afG@RUVYYRg`ZFHa9^FH]T5XZM!n^FHa) o eFHaWXZ^b^QPFCTHFHabcFH¡pXZVYM9OWa
QWFHMcb@RtG,eF5O B Xnb^FQ¡eFHFH]YFHG.FHM=O ¡OWV]YVYaSRU^YFpXdcQC^M¡OPVYYV]aRgOWFHcQ
"lµ g ³ $# ±  OWF59OP^QPFHaC=XZY^G.V9^FHa)_9aPT DFHM^FHaCTHXZG.p^YF5¡FHa_¡p^R%9Rg`ZF"b^FOWF5nOW^QPFZ_cGcOWVY[geFHT B FHYYFZ_9pR5m¡aRU`ZFHa
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* F5XZG.F5OWQPVYTTHXdG.p^]F5nVYO¬m£VYa«RUMV]G.pXdQWORUM=O«RUaWpFHT5OXU^QPF)Rg]VYaPG
VYMaWmnM9O B F5OWV]TlaWTHFHMcFHa ACB VYa VYa p2RUQOPVYTH^RgQPm OWQP^F¦XZQ
M2R)OP^QSRgaPTHFHM^FHa aP^T B Rga XZQPFHaOPa_RH¥M^a)_^Q)_F5OWTZLNM
XdQPb^FHQ OWX QPFHp^QPFHaWFHM9O¦RgM^b+QPF5Mcb^FHQ aPT5FHMcFHa_ XZM^F B Rga OWX
T B X9XZaPF F5ON¥fFHFHM ^aPVYMc` R+`ZFHM^FHQSRU aWmnM9O B FHaPVYap^QPX9THFHaPa
+ THXdMcaWV]aOPVYM^`XU^VYM9OWFHQSRgT5OPVZFHYm£G.X9bcFHYVYMc`fG.FHa B FHa)_aPpFHTHVmnV]M^`
O B FRUM^V]G@R)OPVYXZME_RUM^b,Rg^McT B VYMc`R;QWFHMcb^FHQPFHQ,_fRUM^b,caWV]M^`
RbR)OSR)[7aWpqF5THVY¢cT#OWXnXd£XdQFHVO B FHQ@O B F#G.X9bcFHYVYM^`aWORU`ZF XZQ
F5ZFHM9OW2RUYmO B Ft¥ B Xd]FtaWmnM9O B FHaPVYapcQWXnTHFHaWa)L¬MO B VYapRgpFHQ)_
¥fFa B X)¥lO B R)O"XZQ"T5XZG.p^]F5aPTHFHM^FHa_=Xd]^G.F5OWQPVYTOWF59OWcQWFHa
RgQPF"R`ZX9XnbOWQSRgbcF£X.- F5O¬¥ FHFHM
`ZFHM^FHQRUYVYO¬mRgMcb@F5¤.THVYFHM^T5m=
/ #10\d #f ²32 54 ± 10\76 µ  ± 
L7OfV]aTHXdM9ZFHMcVYFHM=OfOWXcaWFaP^T B `ZFHM^FHQSRg2OPX9XZYaCRgM^b.QPFHp^QPFHaPFHM¡[
OR)OPVYXZM^a)_ZaPVYMcTHFCG@RUM=mtpcQWXnb^^T5OWa RgQPFRHZRgV]RU^YFRUM^bFS¡VYaWOWV]M^`
b2R)OSRT)RgM F@QWF5[7^aPFHbE ACB F B V]` B `dFHXZG.F5OWQPVYT.THXZG.p^YF5¡VO¬m
G@RgªZFHaO B VYaO B FHXZQWF5OPVYT)Rg(aPXd]¡OWV]XdM#^aP2RUYm;VYG.pcQRUT5OWVYT)RUVYM
F)RgT B XUVOPaCaWORg`ZFHa38
9 G.Xnb^FHYV]M^`
QPF 9cVYQPFHaRYXdOtXdbcFSOSRgV]YFHb ªnM^X)¥YFHbc`dFQWXZG
O B F#^aPFHQ_£RgMcb VYaZFHQWm QWFHpF5OPVOWVYZF + FZ `cF)RUT B YF)R)XUR
OWQPF5F5,S
9 O B F `dFHM^FHQSRgOWFHbbR)OSRg2RUaPFCVYa B VY` B mG.FHG.XZQWm9[7THXdMcaW^GVYM^`c
9 aPVYG.VYRgQPm=_)O B F£RUM^VYG@RgOWVYXZMMcFHF5bca(O B F^aPFHQ(OWXtaWpFHTHVY]mO B F
G.XUOPVYXdM@XdG@RUM=mTHXZG.pXZM^FHM=OPa
9 O B FQPFHM^b^FHQPVYM^` B RUaEOPXb^F)RgZ¥VO B ^VY]YVYXZM^aEXd¡¨RUTHF5OWa)_U¥ B VYT B
VYaCTHXZaOPmVYM@OPVYG.FRUM^b
QPFHaP^OWaVYMRt]XUOXd(Rg]VRUaWV]M^`c
: O B XZ^` B THYF5=FHQXZp¡OWVYG.V]aRgOWV]XdMcaRgMcbbR)OSRg2RUaPFaWOWQP^T5[
OW^QSR)OPVYXZM^a.F5nV]aO<; =c­>=?|A@1BN_ RgM9OWVRUYVRgaPFHb,QSRHm9[\OWQSRgTHVYMc`XU
aWcT B aPTHFHM^FHa
V]a@aWOWV]Y=FHQm aPYX)¥ : M V]G.pXdQWORUM=ORUaPpFHT5O
YVYFHatVYM#O B F.bcF5OWFHQPG.VYM2RgOWVYXZMXdCYF5ZFH]aXdCb^F5ORUVYYa)_À¥ B VYT B VYa
TH^QPQWFHM9OWm#RgM RUT5OWVYZFQPF5aPF)RUQWT B OWXZp^V]Td@k9T)RUM^YV]M^F5[\QPFHM^bcF5QPFHQPa
¥VO B a B Rgb^X)¥ T)Rgp2RU^V]YVOPVYFHaT)RgM
RUYaPXtF^aPFHbE_¡^¡O XdMcF B RUa
OWXb^F)RU¥VO B Rg]VRUaWV]M^`c_¡RgMcb@bcF5ORUVYYFHba B RUb^X)¥a T)RgM B RUQWbcm
F"Xd^ORgV]M^FHb¥VO B R¥VYb^FaWTHFHMcFTHXZM=OSRgV]M^VYMc`¢cMcF"b^F5ORUVYYa)
CD6 ± 0E(F6G6 µ 24 ± 
ACB FHaPFRUp^pcQWX9RgT B FHaÀaPXdYZFO B F(p^QPXdcYFHG XZQÀpRgQWOWV]TH^RUQEª9V]M^b^a
XUcaPTHFHM^FHa)_dFHVYO B FHQ=mp^QPXnT5FHbc^QSRg]m£b^FHaPTHQPVY^V]M^`O B FfXd¡ijFHT5OWa)_
XdQf=m.p^QPX¡VYbcVYM^`tRaPpFHTHV¢cTQPF5pcQWFHaPFHM=OSR)OPVYXZMRUM^b.O B FG.F)RUM
OWX QPFHM^b^FHQ.VYO ACB F¢cQPaWOT)RgOWFH`ZXdQWm THXZM^THFHQWMca  [\aWmnaWOWFHG.a)_
QSRUT5ORg]a)_gXdORUM^V]T)Rg^RgM^btp B mnaPVYT)RU9G.X9bcFHYaH;ËknG.VvUw9_ h  ?vZv9_
b o>I =JvZvn_1= o vZxKBZ¥ B VYT B `dFHM^FHQSRgOWFpXZmn`ZXZM^a) ACB FaPFHTHXdMcb
T)R)OWFH`ZXZQm G.XZaWOWm,THXZM^THFHQWMcap2RgQWOWV]THYF;aWmnaWOWFHG.a@RUM^b aWXZG.F
RUM^b^aPT)RgpF5[7aPpFHTHVRUYVMLHFHb G.Xnb^FHYaN; o FHF)vZIn_ o>O vAP9_£© h |.PBN_
¥ B V]T B caWFtaWpFHTHVY¢cTQPFHp^QPFHaPF5M9ORgOWVYXZM^aRUM^b;QPFHM^bcF5QPV]M^`OWFHT B [
M^Vn^FHa) h QPX9THFHbc^QRUf`dFHXZG.F5OWQPVYTG.Xnb^FHYatb^X#M^XdORUb^b^QPFHaPa
O B FQPFHM^b^FHQPVYM^`RgaPpFHT5OXUO B FpcQWXZ^]F5G;_RUM^b aPpFHTHV¢cTQPF5[
p^QPFHaWFHM9OR)OPVYXZM^aXZQP^VYbO B F^aPFtXd`dFHM^FHQSRUG.X9bcFHYVYM^`OWXnXd]a
RgM^b F5nV]aOPVYM^` b2RgORU2RUaWFHa) ACB F;VYM9OWFH`dQSRgOWVYXZM XdtbcVQ-qFHQPFHM=O
ª9VYMcb^aCXdXd¡ijFHT5OWaVYMRaWV]M^`ZYF£aPTHFHM^F"T)RUMRUYaPXtqF"YVYG.VYOWFHbE
h RgQWOWV]THYFam¡aOPFHG.a_RgYO B XZ^` B F-qFHT5OWVYZF@VYMp^QPXnb^^THVYMc`THFHQW[
ORUVYM F-qFHT5OWa)_ B RHZF@aPXdG.FYV]G.VORgOWVYXZM^atRUaR
`dFHXZG.F5OWQPVYT.QPF5[
p^QPFHaWFHM9OR)OPVYXZMR8
9 O B F`ZFHXdG.F5OWQPVYT"pcQWV]G.VOWVYZFV]aRXZM^F5[\pcVnFH«O B VYTªYV]M^F"OPQRg[
THVYM^`R¯OWQSR)ijFHT5OWXZQm=_gO B ^aÀ]VYG.VOPVYM^`(O B F(QWFHp^QPFHaPFHM=ORU^]Fa B RUpFHa
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k * XZpFHQSR)OPXdQPa]VYªdF^M^VYXZM XZQVYM9OWFHQWaPFHT5OWV]XdM RUQWF@F)RgaWm
OWX¦VYG.p^]FHG.FHM=O\8 R McF5¥ a B RUpF V]aT5XZGcVYM^FHbr¥VO B O B F
p^QPF5nVYXZ^aXdMcFHa9m^aPV]M^`RaPpFHTHVRUb^QSRH¥VYMc`G.Xnb^F"¥ B VYT B
Rgb^bcaZRg]^FHaOWX F5¡VYaWOWVYMc`XdMcFHa.VYM O B FZX)¡FHYa.VYMcaOWF)RUb XU
aWF5OOPVYM^`;O B F@M^F5¥ dRUYcFd I ZRUY2RgOWV]M^`#R
¥ B Xd]F Ck * OWQPFHF
QWF n^VYQPFHa(T5XZG.p^^OWVYMc`£F)RUT B aWc¡[\OWQPF5FVYMaWFHpRgQSRgOWFHb=XZY^G.FHa
+ ¥ B V]T B T)RUM
FGF5GXdQWm9[7THXdMcaWcG.VYM^`,_=aPXO B RgOF)RgT B Ck *
XdpFHQSRgOWXdQ XZM^YmXdpFHQSRgOWFHa FHVO B F5QfF5O¬¥ FHFHMRb^QSRH¥M=Xd]^G.F
RgM^b;Rtp^QPVYG.VYOWV=FZ_9XZQCF5O¬¥ FHFHMO¬¥ XbcQRH¥M@=XZY^G.FHa)
h QPVYGVOWV=FHaRUQPFRUYaPXcaWFHb OWX#p2RUVYM9O ]ËaWªZFHYF5OPXdM QPFHp^QPF5[
aWFHM9ORgOWVYXZM^aaWcT B RUa  [7am¡aWOWFHG.aRUM^b,p2RUQWOWVYTH]FaWmnaWOWFHG.aVYM
O B F.QPF5FHQWFHM^THF=XZY^G.FV8taP^THTHFHaPaWVYZFaPFH`dG.FHM9OWaRUQPFb^QSRH¥M
VYM@O B F=XZY^G.FcaWV]M^`THXZM^F"XdQT5mnYV]M^b^FHQp^QPVYG.VOPV=F5a)
A QPVRUM^`Z^RUQG.FHa B FHafRgQPFQPFHp^QWFHaPFHM=OPFHbVYM.O B FaSRgG.FC¥CRHm
^aPVYM^`#O B FOWQPVRUM^`ZYF
pcQWV]G.VOWVYZF38;O B F I cTHYVYbcFRUM b^V]aOSRgMcTHF
QPXZG RtpXZVYM9OCOWXROWQPVRUM^`ZYFT)RgMF"F)RUaWV]mXZ¡ORUVYM^FHbÀ ACB F
 ­>= VYaTHXZM^aWORUM=ORgMcb VYa"F n2Rg(OPX
O B FOWQPVRUM^`ZYFMcXdQPG@RU7
ACB V]ap^QPV]G.VOWVYZFG@RHm aPFHFHG R cVOaPpFHTHVRUV]M O B RgO;VO;VYa
ud­ 8¥fFb^QSRH¥ O B FG.FHa B aWcQ\RUTHFRUM^b,M^XdOO B F
FHMcTHYXZaWFHb
ZXZY^G.F + FHT)RgcaWFG.FHa B FHaT)RgMaPXdG.F5OWV]G.FHaCFMcXdM^[\TH]XdaPFHb
aWcQ\RUTHF5a, LNM¦¨RUT5O_O B F QPF5THcQWaPV=F b^QSRH¥VYM^` RUY`ZXZQWVYO B G
aWpcYVOPaO B FXZ^Mcb^VYM^` =X¡FHYa RUM^b aWOWXZp^aRgOO B F#=Xd]^G.F
QWFHaPXZY¡OWV]XdMÀ_9aWXtO B R)O O B FHQWF£VYa RU¥R5m¡aRQWFHaPVYbc2RgcO B VYTªnM^FHaWa)
©F B RHZFRUYaPX"VYG.pcYFHG.FHM=OPFHbVYG.pcYVYTHVYO«^McT5OWVYXZM^afVYMO B F
aRUG.F"aPp^VYQPVOD8CRbcVYaWORgMcTHF"^M^T5OPVYXdM T)RgMFRUp^p^QPX)nV]G@R)OPFHb
^aPVYM^`O B FCpXdOWFHM=OPVRU7_9aPVYM^THFCO B FXdMcmtMcFHTHF5aPaSRgQWmpcQWXZpFHQWOWVYFHa
XZQO B FcM^T5OWVYXZM RgQPFO B R)OVOqF LHFHQPXXZMO B FaP^QW¨RUTHFRUM^b
OWXMcXUOVYM^THQPF)RgaPFRgM9m\RUaOWFHQO B RgM
O B F I ^TH]VYb^F)RUM
b^V]aOSRgMcTHF
+ XUO B FHQW¥VYaPF R ZX)¡F5@T)RgM F bcFHTHRUQWFHbyXd¡OPaWV]b^F VYMcaOPF)Rgb
XU@RgG^VY`Z^XZ^a, § ^Q#RUp^p^QPX)nV]G@R)OWV]XdM¦XdO B F,b^V]aOSRgMcTHF
VYa    E {d_ ¥ B FHQWF > +;: , C
	8P- _¥VO B RUM^b8  +;: ,«FHV]M^`"QPF5aPpFHT5OWVYZFHYmtO B F ¥ FHVY` B O RUM^bO B F I cTHYVYbcF)RgM
b^VYaWORUM^THFlXd RKaPªdFH]F5OWXdM F5]FHG.FHM=O + pqXdV]M=O_aPF5`ZG.FHM9O XZQ
OWQPVRUM^`dcRUQ¯\RUTHF5,
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 XZY^G.FHaRgQPFRUM^XUO B FHQªnVYM^b XdbR)OR 8.G.FHb^V]T)Rg  A [7aPT)RgM
b2R)OSR + F5np^]VYTHVO ¢cFH]b\, XZQ B m¡pFHQOPF59OWcQWF XZ¡ORUVYMcFHb QWXZG
h FHQW]VYM+M^XZVYaPF ; h FHQSv.P1B + p^QPX9THFHb^cQRU#¢cFHYbU, ­VYaWORUM^THFHa
T)RgM^McXUO(FRUaPVYm"FfXd¡OSRgV]M^FHbaWV]M^THFO B F¯bR)OSRb^XnFHaM^XdOQWF)RUYm
QWFHpcQWFHaPFHM=O R aW^QW\RUT5FZ ©#F B RH=F,OPX®caWF R =Xd]^G.F5OWQPVYT
aWT)RUM¡[7THXdM9ZFHQPaPVYXZMR8¥fF aWT)RUMlO B F b2R)OSR®RgOO B F,O B VYM^McFHaO
QWFHaPXZY¡OWV]XdMÀ_RUM^b ¥fF;THQPF)RgOWF#O B F#X9T5OPQWFHF ZX)¡F5 B V]FHQRUQPT B m
 XZMO B F ^mXZM^m.¥ B FHQWFM^XZM
FHG.p¡ONmaPp2RgTHF"V]afXZ^M^bÀ
© VO Bh FHQPYVYM¦M^XZVYaPFZ_O B F,McXdQPG@RUYa RgQPF Xd^ORUVYM^FHb=m
`dQSRUb^VYFHM9O THXdG.pc¡ORgOWVYXZME =cXZQ pc^QPF=Xd]^G.F5OWQPVYTb^FHMcaWVYO¬m
b2RgORaP^T B Rga  A [7aWT)RUM.b2RgOR¡_=O B Fb^FHMcaWVYO¬m`dQSRUb^VYFHM9O B Rga¯OWX
F.M9cG.FHQWV]TRUYYmFHaWOWVYG@RgOWFHb QPXZG R
M^FHVY` B XZQ B X9XnbE AB VYa
`dVYZFHapX9XZQPFHQÀQPFHaWcOWa)_¥ B VYT B a B X)¥aEO B R)Ob^V]QWFHT5Oª9M^X)¥]FHb^`ZF
XUO B F  ­>= VYatG.XdQPFVYG.pXZQWORgM9OR)OtO B V]ataPT)RUYFO B RgM O B F
b^FHM^aPVONm@b^V]aOPQWV]^¡OWV]XdMÀ
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9  X)nFH]VMLHVYM^`tRa B RUpF^QPVYM^`Za¯XdÀTHXdcQWaPFaWXZG.FRUp^p^QPX)nV]G@R)[
OWVYXZM^a38QPXZG Rta B XdQWOfQSRUM^`ZFZ_na B RUpFHaCaPFHFHGyG@RUb^FXd«cQWV]Tª9a
RgMcbRUQPF R^VYO^Y^QPQPFHbE A XRHZXZVYbaP^T B F-qFHT5OWa)_UO B F=Xd]^G.F
QWFHaPXZY¡OWV]XdM B RgaOPX¢^OO B FTHYXZaWFHaWO"pXdV]M=O"XUfnV]FS¥QWF n^VYQPF5[
G.FHM=OWa) AB VYaT)RUM FG.FHG.XZQWm9[7THXdM^aP^G.V]M^`c O ^O£XdMcF B RUa
OWXªZFHFHpV]MG.V]M^bO B R)OOPFS¡FHYaCRgQPF^^V]OOPXQPFHp^QPFHaWFHM9O(aPG@RUY
b^F5ORUVYYa.V]M THXZG.p^]F5 aPTHFHM^FHab_O B F5m RUQPF
M^XdOaP^p^pXZaPFHb OWX
B RUM^b^YF£a B XdQWO[7QRUM^`ZFnV]F5¥pXZVYM=OPaL¬M@aWcT B T)RUaPF5a)_cR£OWQSRUM^aPV[
OWVYXZM¥VYO B pXZm B FHb^QSRg`dFHXZG.F5OWQWmT)RgMF"G@RgbcF ;  XZG@|APBN
9 L7bc^p^]VYT)R)OPFHb
¥VO B XZ¡ORUM=m@dRUQPVRgOWVYXZME_^O B F"OPF59OWcQWFt¥V]Y
YX9XZª=FHQmQWFHpF5OPVOWVYZFZ ACB VYap^QPXZ^YFHG VYafb^F)RUO¥VYO B VYMaPFHTS[
OWVYXZM
wcËI¡
9 ¯XZYXZQ"QWFHpcQWFHaPFHM=OSR)OWV]XdM#VYa"McXUO B RUM^bcYFHb=m;O B FZXZY^G.F5[
OWQPVYTG.X9b^FHc¥ B VYT B VYa R"p^^QPF`dFHXZG.F5OWQPVYTCQPFHp^QPFHaPFHM=ORgOWV]XdM + VO
VYaM^XdO
F)RgaWm OWX ¢2OWFHQT5XZYXZQPFHb `ZFHXdG.F5OWQWm,yLNM p^QPF5nVYXZ^a
p2RUpFHQWaS;  vZ|9_k B V|du¡_  F5m^|APgÀ_  XZG@|AP1B¬_«RTHXdYXZQ"G@RgOWF5[
QWVRgVYa@RUaWaPX9THVR)OPF5b ¥VO B R ¥ B XZYF
pR)OOPFHQWMÀ ©F#Rgbcb^QPFHaWa
O B V]ap^QPXZ^YFHGVYMON¥fX¥CRHmnab8«=mG.FHQP`ZVYM^`aPFHp2RUQRgOWFHbOWF5¡F5]a
RgaPaPX9THVRgOWFHb OWX
bcVQ-qFHQPFHM=O"G@R)OWFHQPVRUYa)_¥ B VYT B V]a"YVYG.VYOWFHb^¡O
F)RgaWm.OWXVYG.p^]FHG.FHM=OVYM@=Xd]^G.FQWFHM^bcFHQWV]M^`c_^RUM^b=mVYG.p^]F5[
G.FHM=OWV]M^`THRgaPaPVYT)RgqOWF5nOW^QPFHa + p^V]T5OW^QPF£XZQ p^QPX9THFHb^cQRU,O B RgO
RgQPF£caWFHbVYM^aPVYbcFOWF5¡FHYa)
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h QWF5¡VYXZ^a pc^^]VYT)R)OPVYXZM^a XZMOPF5nFHYa caWFRZFHQWmaWV]G.p^YF
G@Rgpcp^VYM^`c_
QPF 9^V]QWV]M^`KRgM ^M^bcFHQWYmnVYMc` aWcQ\RUTHF G@RgbcF XU
^VY]VYM^F)RUQpR)OPT B FHa"XdM¥ B VYT B OPF5nFHYaRUQPFtpcRUTHFHbE ACB F2RUaPF
XUF)RgT B OWF5nFH V]a¢^OOPFHb OWXO B Fp2R)OPT B RUM^b O B FHV]QZFHQWOWV]TRU
aWV]b^FHaRgQPFb^F5XdQPG.FHbV]M@XZQPb^FHQfOWXaWOWV]TªOWXRgbdiRUTHFHM=OCOPF5nFHYa)
ACB V]aTHXdMcaOWQSRUVYM^aO B F
aP^QW¨RUTHFG.FHa B _¯RUM^b,aP^pcpXdaPFHaO B RgO
O B FXdQPVYFHM9ORgOWVYXZM@RUM^bO B F£aWV LHFCXUEO B FOWF5nFH]a¯THXZQWQPFHaPpXdMcbOWX
O B F"XZM^FHaXUO B F"p2R)OPT B FHa)
©FCaPpFHTHVmtV]MaWFHT5OWV]XdMw^Y{CR`ZFHM^FHQSRg¡OPF5nFH^G@RUp^p^V]M^`VYM
O B FaRUG.F¥CRHmO B RgO O B Fud­ G@RUp^p^V]M^`V]afbcF5¢cM^FHbE_¡X-FHQWV]M^`
M^F5¥ bcFH`dQPFHFHa XdQPFHFHb^XdG AB F VYb^F)R VYa#OPX VYM9OWQPX9b^cTHF
Id­ OWF59OP^QPF THX9XZQPb^VYM2RgOWFHa V]M^aPVYb^F O B F ZXZY^G.F5OPQWV]T RHm=FHQ
OWX aWpFHTHVY]m O B F#OPFS¡FHG@RUp^p^V]M^`c  XUOPF O B RgO^M^]VYªZFuZ­
OWF59OP^QWFHa¥ B FHQPF(O B FfTHXd]XdQ«THXdG.pc¡ORgOWVYXZMV]aÀaPFHp2RgQSRgOWFHbtQWXZG
O B FQSRHmaPTHFHM^F(OWQSRHZFHQPaSRg¬_)VYMZXZYcG.FHaEQRHmna B RHZF¯OWXOWQSRHZFHQPaPF
O B FOWF59OP^QPFZ©FbcFHaWTHQPVYFO B V]aQSRHmOWQSR5=FHQPaRUV]M aPFHT5OWV]XdM
w^ un ©F F5¡p^RUVYM VYM aWFHT5OWV]XdM wcËI B X)¥ OPX,b^FHTHQPF)RgaPF O B F
QWFHpF5OPVOWVYZFtRUp^pF)RUQRUM^THF"Xd«O B F"G@RUp^p^VYMc`^
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©#F ^aPF aWcQ\RUTHFHa THXZM^aPVYaWOWVYMc` XUOWQPVRUM^`ZYFHa#RUM^bl^V]YVYMcF)RgQ
p2R)OPT B FHa) AB VYaRUY]X¥a¯O B F"^aPF£Xd(Rg]G.XdaWORgM9m@G.FHa B ONmnpFZ_
aWV]M^THF
pXZm¡`dXZM^a¥VO B G.XZQWFpXZVYM9OWaT)RUM F
b^FHTHXZG.pXZaWFHb
VYM=OPX OPQWVRgMc`d]F5a RUM^b 92RUb^QPVYRgOWFHQSRUYa) ACB F aPVMLHF RUM^bKO B F
XdQPVYFHM9OR)OPVYXZM Xd"O B F#pXZmn`ZXZM^aRUQPF;VYM^bcFHpFHM^b^FHM=O
Xd"O B FHV]Q
OWF5nFH«T5XZ^M9OWFHQPp2RUQOPa
©F¦RUaPaWXnTHVRgOWF OPXrF)RUT B =FHQWOWF5 R =FHT5OWXZQ T)RUYYFHb
R ^	  9d 5 !  ¥ B V]T B THXZM=OPQWXZYa O B F OWF5¡FH<] THXZG^V]M^` Y_
RgM^brR,=FHT5OWXZQ  C +  3 3 ,.¥ B VYT B `dVYZFHaO B F OWF5nOW^QPFTHX9XZQWbcVYM2RgOWFRgOO B F
pqXdVYM9O : YaPX;¥ F@bcF5¢cM^F RaPT)RURUQ 8
aWcT B O B R)OO B FZFHQWOWF5 RgOO B F;OPXdp XU  B RUa
ROWF5nOW^QPF
THX9XZQWbcVYM2RgOWF +  3 3 8 , LNM,G.XZaOT)RgaPFHa C @ RUM^b
8 C {d  R)ijVmnR  aG@Rgpcp^VYMc` THXZQPQWFHaPpXZM^b^a@OWX aP^QW¨RUTHFHa
THXdG.pXZaPFHb XZM^mXU ^VY]VYM^F)RUQ pR)OPT B FHa)_ RgMcb+aP^THTHFHaPaPV=F
VYM=OPFH`dFHQ¯dRUYcFHaXdQ  RUM^bRgO¯=FHQWOWVYTHFHa + O B FOWF5¡FHqXZ^M^bca
THXdVYMcTHVYb^F OPX O B F p2RgOWT B XZ^M^bca,  XdOWF O B RgO ¥fF ^aPF
O B QPFHF,b^VM-qFHQWFHM9O#THXnXdQPb^V]M2R)OPF aWmnaWOWFHG.aD8¦O B F aPp2RgOWVRUXZM^F
 ¥ B FHQPFO B F#THX9XZQWbcVYM2RgOWFHa
RgQPF + 3 3! Y,_ O B FO B VYTª aWªnVYM
aWpRgTHF#" R)OWORgT B FHb,OPX;O B F\RgTHFHa¥ B FHQPF@O B F@THXnXdQPb^V]M2RgOWFHa
RgQPF +%$ 3'& 3)( , + ( C @XZMO B F \RgTHFZ_*( C¦{fXZMO B FfOWXdpXU
O B FCRHmZFHQ)_=RUM^b +%$ 3'&7,RgQPFCRgQWmnTHFHM9OWQPVYT THX9XZQPb^VYM2RgOWFHa(XUqO B F
¨RUTHF5,_RgM^b#O B FOWF59OWcQWFaPp2RUTHF,+ ¥ B FHQPFO B FTHXnXdQPb^V]M2RgOWFHa
RgQPF +  3-3-, + aPFHF¢c`Z^QPF"x,
 F5Of^a T)RUY2O B FO B VYTªaWªnVYM@RUQWF)R"THXdQPQPFHaWpXZM^b^V]M^`"OPXtO B F
¨RUTHFHa  ! n + V]M  R)ijVmnR  aG@RUp^p^VYMc`X)¡FHaRgMcbOWF5nFH]a"RUQPF
F 9^VYdRUYFHM9O_V¬ FZ.+ C/" ,S : aPaWcG.VYM^` O B R)OR OPQWVRgMc`d]F
VYaR bcFH`dFHM^FHQSRgOWFHb ^V]YV]M^F)RgQpR)OWT B _£O B F;OPQRUM^aWXdQPG@RgOWVYXZM^a
" F  RgMcb," F +rRgQPF OWQPVY]VYM^F)RUQ(VYM=OPFHQWpXZRgOWV]XdM^a + aPp2RgOWVRUTHX9XZQWbcVYM2RgOWFHaRgMcb OPF59OWcQWF@THX9XZQWbcVYM2RgOWFHaRgORUM=m pXZVYM9ORUQPF
Xd¡OSRgV]M^FHbQPXdG O B FZRg]^FHa£R)O O B F"FHVY` B OC=FHQOPVYTHFHa,
: aV]Mp^QPF5nVYXZ^a¥ XdQPª ;  vZ|1B¬_RG@RgOWFHQPVRUpXdV]M=OPF5QtVYa
RgaPaPX9THVRgOWFHbOPXF)RUT B \RUTHFZ_¥ B V]T B VYMcb^VYT)RgOWFHa"O B F.QPF5FHQPFHM^THF
ZXZY^G.FfOPX"^aPFR)O(O B VYap^RgTHFZ_nRgMcb¥ FC^aPFCTHRgaPaWV]T)Rg hB XZM^`
G@R)OPF5QPVRUEb^FHaPTHQPVYp¡OWV]XdMÀ_caP^T B RUaRUG^VRgM9O bcVQ-q^aPFRgM^baWpF5[
TH^RUQTHXZYXZQ)_RUM^b QPXZ^` B M^FHaPa ACB F G@R)OWFHQPVRUaWpFHTHVY¢cT)R)[
A
B
C
D
S space
F s
pa
ce
T s
pac
e
textur
e
patte
rn
(fa
ce
)
(  world
coordinates )
 Ú)ÚSÈ )É Ò)ÆSÐ\ÌWÜEÜ\Ï)Ü\Ð7ÌÝCÜWÍ

 ÔgÌ ÕgÆ5È¨Æ5ÝCÌjÐ7ÌÈ\É/.ÆSÐ\ÉËÚ5Ò0 ÉËÜEÒ)Ú5È\ÝCÆ ËÉ .Ì ØÀÉ Ð7ÔgÉËÒÐ7ÔgÌÓ Æ5ÊÌ5Í

 ÔgÌÕgÆSÈ\Æ5ÝCÌjÐ7ÌÈ\É/.ÆSÐ\ÉËÚ5Ò)Ü1 ÆSÒ 32 Æ5È¨Ì(ÉËÒ5Ð7ÌÈ\ÕdÚËÆÙÐ7Ì gÜ7ÉËÒ2) 0 ÆSÒ 54ÒgÚÙØÀÉËÒ2)£Ð\ÔgÌ SÆ gÌÜ(ÆSÐ¯Ð7Ô)Ì
HÌÈ¨Ð\ÉËÊWÌÜWÍ%  gÜ\Ð7È¨ÆSÐ\ÌtÚ5ÒÐ7Ô)Ì ËÌÓ ÐÓÚSÈEÆ76UÆÐEÐ7Ì )Ð gÈ\Ì5Í ,
u=0
u=1
v=0
v=1
U=1
U=0
V=0
F space
T space
w=1
w=0
W=1
W=0
V=1
=VY`Z^QPFx8 ¿98jÂ * º ,j¿ ÖnÐ\ÔgÌ2ÇdÚ)ÌWÜ9ÊÚ5È¨È\ÌÜ7ÕZÚSÒ gÉËÒ2)Ð\ÚÐ7ÔgÌ2Ó Æ5ÊÌÜWÍ;: 85¿]¿98S½* º-,j¿ Ö¯Ð7ÔgÌÈ\ÌjÓÌÈ¨ÌWÒgÊÌ HÚ gÝCÌHÍ ¿98jÂ  "! ¿ Ö=<Æ'>É ÏHÆ@? ÜÝÆSÕgÕgÉËÒ2)ÖfÚSÒgÌÐ\Ì)ÌP'gÐ\ÜÚSÒgÌÓÆSÊWÌ % ÓÚSÈÊËÆSÈ\É ÐÏØqÌ¯ÔgÆ5ÌfÚSÒ  Ï"ÝCÆ5Õ)ÕZÌÐ7ÔgÌ¯ÊÌWÒ5Ð\È\Æ ÇdÚ,NÍA: 85¿Y¿98S½  "! ¿ Ö)SÌWÒ)ÌWÈ¨Æ=ÝCÆ5Õ)ÕgÉËÒ2) gÌ'UÒgÌÇ5ÏÐ7ÔgÌ"%CBEDGFHDJI,qÆSÐÐ\ÔgÌ(ÌÉ )5ÔSÐ HÌÈ¨Ð\ÉËÊWÌÜ%ÊÌWÒ5Ð\È\Æ nÇdÚÚ5Ò  Ï,NÍ
OWVYXZM,VYaaPYV]` B OWm G.XZQPF.THXdG.p^]VYT)RgOWFHb V]M XZ^QV]G.p^]F5G.FHM9ORg[
OWVYXZMaPVYM^THF¥ FRUYYX)¥O B FG.FHQP`ZVYM^`@XUfOWF5nFH]a"VYM;O B FaRUG.F
ZXZY^GFd_dO B FaP^pFHQPpXdaPVYMc`"XUOWF5nFH2RHm=FHQWa)_=XdQ(O B F£RgT B VYF5=FS[
G.FHM=O XU«XZpFHQSR)OPVYXZM^a aWcT B Rga aPT)Rg]VYM^`c_¡pFHQWG^OWVYMc`XZQWV]FHM=ORg[
OWVYXZME_RUM^b#aWXXZME.z
XZQWFHX)=FHQ_ hB XdMc`@pRgQSRUG.F5OWFHQWaT)RgMqF
b^F5¢cM^FHb9mud­ OWF59OP^QPF^M^T5OPVYXZM^aaP^T B RgaV]G@Rg`ZFGRgp^pcVYM^`
XdQ h FHQPYV]M Id­ M^XZVYaPFZ ACB VYatVYaRgT B VYF5ZFHb 9m RUb^b^V]M^`aWXZG.F
VOWFHG.afRUM^b@YVYMcª9VYMc`"O B F£G@RgOWFHQPVRUcbcF5aPTHQPVYp¡OPXdQPa^aPFHb.XZQfO B F
aRUG.F\RgTHFZ
" K ;L"  	 	  	$,M ( $ 	 $ #	 $	
©#Fp^QPFHTHXdG.pc¡OWFRXZ^M^bcVYM^`@aWp B FHQPFRUM^b#R`ZQPVYb RgQPXZ^M^b
O B FlaP^QW\RgTHFZ_RUM^b+R XdcM^b^V]M^`KaPp B F5QPF®XdQ F)RgT B \RgTHF
VYM^TH]^b^VYMc`O B FOPF5nFHO B VYTªnM^FHaPa + aWFHF¢2`d^QPF3 .,S(­^QPVYMc`O B F
OWQSRgTHV]M^`XdR@QSRHm=_O B VYatYF)RUb^aF5¤.THVYFHM9OWm#OWXO B F¢2QWaWO"\RgTHF
VYM=OPFHQWaPFHT5OWFHb#=m
O B FQRHm=  XdOWFtO B R)O"VYM;XZ^QT)RUaWFt¥ F B RHZF
OWXOWFHaWOO B F@aWVY ^V]YVYM^F)RUQ"\RUTHFHaXUO B F@X)q A F5¡FHYaaOPVYTª
OWXF)RgT B XUO B FHQ aWXO B RgOfV]M.G.XdaWO¯T)RUaWFHafXdMcmO B F^p^pqF5QRUM^b
YX)¥fFHQCaP^QW\RgTHFHa B RHZFOWXFOWFHaWOWFHb
XZQVYM=OPFHQWaPFHT5OWVYXZME
© B FHMFHM9OWFHQWV]M^`KV]M^aPVYb^F O B F¦aPª9VYM aPp2RUTHFZ_;¥fF¦YF)RH=F
THRUaWaPVYT)RUdQSRHm9[\OWQSRgTHV]M^`c ACB FQSRHmOPQRH=FHQWaSRU=VYM^aPVYbcFO B V]aÀaPp2RUTHF
^aPFHaO B F.M^FHVY` B XdQ B XnX9b THX B FHQPFHM^THF@XU \RgTHFHa)_aPXO B R)O¥ F
iNcaO B RHZF
OWX THXZG.p^¡OPF.O B FpXdV]M=O¥ B FHQPF.O B F
QRHm ]FRH=FHa
O B F;X)_CO B ^apcQWX)¡VYb^V]M^`O B FM^F59OTHQWXZaPaWFHb X) AB VYa
p2RUQOXdO B F@OWQSR5=FHQPaRUCVYab^FHaPT5QPV]FHb,VYM p^QPF5nV]Xd^aRUQOPVYTHYFHa
;  vZ|9_  F5mc|.PUBN  XUOPFO B RgO"¥fFXZM^m B RH=FOWXTHXZG.p^¡OPF
VYM=OPFHQWaPFHT5OWV]XdM,F5ON¥fFHFHM RQSRHm,RUM^b,cVYYV]M^F)RgQp2R)OPT B _¥ B VYT B
aba Òc>defg
v  b	%W"  P5
underlying surface
thick skin
conic ray
bounding sphere
bounding box & grid
box
box bounding sphere
thickness vector
triangle or
bilinear patch
=VY`Z^QPF  8 ¿98jÂ Ö Ð\ÔgÉËÊ 4 ÜJ4)ÉËÒ Ü7ÕdÌWÊÉ 'UÊÆSÐ\ÉËÚ5Ò9Í : 85¿Y¿98S½ Ö )5È\ÉÆSÒ  ÇdÚgÒ gÉËÒ2),ÇZÚ)ÌÜ )Ü7Ì ÓÚSÈÌ  ÊÉËÌWÒSÐ
È\ÆWÏÙ]ÜJ4)ÉËÒ ÉËÒ5Ð\ÌWÈ¨Ü7ÌWÊjÐ\É ÚSÒÊÚSÝÕ )Ð7ÆÐ7ÉËÚ5Ò=Í
YF)Rgbca@OWX R aPVYG.p^]Fu u  aWmnaWOWFHGOWX aWXZ=F + VY"O B FT)RgG.FHQSRVYaCMcXUOV]M^aPVYb^F£O B F"X),
: OtO B VYaaWORU`dF¥fF.T)RUM a¥VOWT B OWXO B F" THXnXdQPb^V]M2RgOWFHa
¥ B V]T B RUQPF@RgaPaPX9THVRgOWFHb OWX O B F@aPª9VYM aPp2RUTHFZ =cXZQ  RgiNVYm9R  a
aWV]G.p^YF"G@RUp^p^V]M^`c_;+ RUM^b " RgQPFVYbcFHM=OWV]T)Rg¬_XdO B FHQW¥V]aWFt¥ F
B RHZFOWX#T5QPXZaWaRUYaPXO B VYa," aPp2RUT5F@F5XdQPFRUT5THFHaPaPVYM^`OWX R
aWV]M^`ZYFOWF5¡FH¡RUQWF)R¡ ACB VYaEaOSRg`ZF + aPF5F(¢2`dcQWF¯v,b^X9FHa«M^XUOF5nVYaWO
VYMp^QPF5nV]Xd^a G.F5O B X9b^a)  XdOWFO B R)OV]M.O B F"aWªnVYM@THX9XZQWbcVYM2RgOWF
am¡aOPFHG_O B F QSRHm®M^X ]XdM^`ZFHQp^QPXZp2Rg`9RgOWFHaVYMKR aOWQSRUVY` B O
YVYMcFZ AB FOWQPVY]VYM^F)RUQ.b^F5XdQPG@RgOWVYXZM FHVYMc` aPG@RUY¬_¯¥fFT)RUM
FHVO B FHQcaWFRaPVYG.p^]F£VOPFHQRgOWVYZFtaWT B FHG.FO B RgO£`dVYZFHaTHXZQPQWFHT5O
VYM=OPFHQWaPFHT5OWVYXZM^afXdMO B F +  3 3 ,`ZQWV]b	Z_9XZQ RUp^p^QPX)nVYG@RgOWFCO B F
p2R)O B =mRaWOWQSRUVY` B OYVYMcFZ_d¥ B VYT B VYa(`dFHMcFHQRUYYmaP¡¤.THVYFHM9O«LNM
O B F RUaWOT)RUaPFZ_dO B VYaaWORU`ZFfXd2O B FfOWQSRHZFHQPaSRg¡V]a(RQPFH`Z^RUQ`ZQWV]b
THQWXZaPaWV]M^`^_n¥ B VYT B VYaCF)RUaWm.OWXVYG.p^]FHG.FHM=O
O F5ON¥fFHFHMON¥fX.aPYVYTHFHaXdO B F +  33- ,¯`dQPVYb
¥fFRgQPF"VYM R
OWF5nFH¬_¡aPX¥ F"a¥VOWT B OPXO B F"QPF5FHQWFHMcT5F=XZY^G.F + V7 FZO B F +
aWpRgTHF5, O B R)O¥fFtTHQWXZaPa]VYM^F)RUQPm= AB VYap2RUQWOXdO B F"=Xd]^G.F
OWQSR5=FHQPaRUVYab^FHaPTHQWV]FHb;VYM;XZ^Qp^QPF5nV]Xd^ap2RUpFHQS;  F5mc|.PUBN_
RgM^bVYaaPVYG.VYRgQOWXTHRUaPaWV]TRUn=Xd]^G.F5OWQPVYT(QWFHMcb^FHQWV]M^`cÀ©F ^aPF
R@ª9V]M^b#XU T5XZM^FOPQRUTHVYMc`OPX;RUY]X¥KRgb2RUp¡OSR)OWVYZF.QPFHM^bcFHQWV]M^` 8
¥fFª9M^X)¥O B FO B VYTª9McFHaWa@XUO B F QRHm RgO.O B V]apcRgTHFZ_RUM^b
¥fF#FHaOWV]G@R)OPFO B F#=X)nFH"aPVMLHFOWX F#^aPFHb VYM O B F#X9T5OWQPFHF
QWFH`9RgQPb^V]M^`®O B V]a,RUpFHQWOW^QPF + O B VYa VYa F5cRgT5OWYm R®IZ­G.VYp¡[
G@Rgpcp^VYM^`, : aÀbcFHaWTHQPVYFHb"V]M ;  F5m^|APgBN_URUM^XdO B FHQb^VM-qFHQWFHMcTHF
THXdG.p2RUQPFHbOWX=Xd]^G.FQWFHMcb^FHQPVYM^`YV]FHa¯VYMO B F£\RgT5OO B RgO O B F
YX9T)RU¡QWF5 2FHT5ORgMcTHFCVYaaWOWXZQPFHbtV]MF)RgT B ZX)¡FH7_=RUM^bV]a«XZ¡OSRgV]M^FHb
QPXZG O B F  ­ = FHM^THYXZaPFHb
VYM@O B R)OC=X)nFH¬

   ÕdÚ Ï)ÒgÚSÝÉËÆ nÉËÜÚÓ gÌ)5È¨ÌWÌÚSÒgÌ¯É ÒÌÆ5Ê¬ÔSÆ5È¨ÉËÆ5Ç ËÌSRgÉÍ Ì5ÍÐ\ÔgÌÔ)É )5ÔgÌÜ\Ð )Ì5)SÈ\ÌÌÐ7ÌÈ\Ý,ÉËÜ   Í
 
 Ô)ÌÈ¨ÆWÏ gÉËÈ¨ÌÊÐ\ÉËÚ5ÒÉËÜÌ )ÕgÈ\ÌÜ7Ü7ÌtÉËÒ,2 Ü7Õ)Æ5ÊÌ5Í  Ü7Ü)ÝÉËÒ2)É Ð¯ÉËÜÜ\Ð\È\ÆSÉ )5Ô5ÐÆËÚWØÀÜ¯Ð7ÚÚ5ÇÐ7Æ5ÉËÒÆ5Ò.ÆSÕgÕgÈ¨Ú)ÉËÝÆÐ7ÉËÚ5ÒÚSÓÐ\ÔgÌgÉËÜ\Ð\Æ5ÒgÊÌÐ7ÚÐ\ÔgÌ )SÈ\ÉRÐ\ÔgÆÐEØÌ gÜ7ÌÐ7ÚÓ ÚËÚWØÐ\ÔgÌ(Õ)ÆSÐ7ÔÉËÒ 1 Ü7Õ)Æ5ÊÌ5ÍtÌ(É Ð7ÌÈ¨ÆSÐ7ÌØÀÔ)É ÌÐ7Ô)ÌÕZÚSÉËÒ5ÐÉËÜ ÒgÚSÐÊËÚ5Ü7ÌÌÒgÚ )5ÔÐ\ÚÐ\ÔgÌ % BEDFHD I ,)5È\ÉÚSÓA2Ü7Õ)Æ5ÊÌSRÚ5ÒÐ\ÔgÌØqÆSÒ5Ð7ÌÜËÉËÊÌ5Í
reference volume
    ( octree )
uvw space
   (texel)
UVW space (box)
xyz space
one texel
skin space entrance
(test all faces of boxes which 
 bounding sphere intersects the ray )
skin space exit
(ray−patch intersection)
box change
(ray−patch intersection)
uvw crossing
(linearized or
 iterative sheme)
usefull voxel size
according to ray thickness
underlying surface
thick
 skin
=VY`Z^QPF v8 a ÆWÏÐ7È¨Æ5ÌWÈ¨Ü7ÆÉËÒgÜ7ÉgÌ"Ð7Ô)ÌÐ\ÔgÉËÊ4ÜJ4)ÉËÒRÊÈ\ÚSÜ7Ü7ÉËÒ2)Ð\ÔgÌÇdÚ)ÌWÜ5R5Ð7ÔgÌÒÐ7Ô)ÌÐ7Ì 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 Ü5R5Ð7ÔgÌÒÐ\ÔgÌ 5Ú)ÌËÜqÆSÐEÐ\ÔgÌ(Æ gÆ5ÕÐ7ÌÜ7É/.WÌ5Í
"   !%$ $  !  '$# #  	 7P	$	
: aPVYG.pcYF¦G@Rgpcp^VYMc`KVYMcb^^THFHa¦RyZFHQWm+QPFH`dcRUQ®RgaPpFHT5O
ACB V]aRUaPpFHT5OT)RgM FV]G.p^QWX)=FHb 9m
iNVYOOWFHQPVYM^` O B F@bcV=FHQWaPF
p2RUQRUG.F5OWFHQPa
© B FHM O B FOPFSnOW^QPF#VYa.THXZM=OWV]M9^XZ^a)_O B F;pR)OWOWFHQWM B RUa
OWX
FTSm¡THYV]TaWX@O B R)OMcX@QPXZM=OWV]FHQ"VYanV]aWV]^YFZ fXdM9OWVYMn^XZ^a
pFHQOP^QP2RgOWVYXZM^a T)RgMF XZ¡ORUVYMcFHb=m®ijVYOOWFHQPVYM^`OPFSnOW^QPF
THX9XZQWbcVYM2RgOWFHa)_OWF5¡FHO B VYTª9McFHaWa)_XZQtO B V]Tª aPª9V]M XZQWV]FHM=ORgOWV]XdM
+ =m;G.Xnb^VmnV]M^` B FHV]` B O£=FHT5OWXZQWa, : h FHQPYV]MMcXdVYaPFV]a¥fFH][
aWcVOWFHbOPXO B V]aCp^cQWpXZaPFZ
=VY`Z^QPF;|8 ÅUÈ\ÚSÝ  ÌjÓ ÐÐ7ÚÈ\É )SÔ5ÐnÖÜ7ÉËÝCÕ ËÌ£ÝÆSÕgÕgÉËÒ2) >É Ð\Ð\ÌÈ\ÉËÒ2)ÚSÓÐ\ÌÐ gÈ\ÌÊWÚÚ5È	gÉËÒgÆÐ7ÌÜ5R 5ÌWÊjÐ7ÚSÈ\Ü gÉËÈ\ÌÊjÐ7ÉËÚSÒR HÌÊjÐ7ÚSÈ\Ü ËÌÒ2)SÐ\Ô9Í
© B FHM O B F p2RgOOPF5QPM THXZM^aPVYaWOWaXdRgM VYaPXZRgOWFHb XZ¡ijFHTSO)_
O B FHQPF VYa McX ]XdMc`dFHQrR THXZM=OPVYMn^VONm+THXZM^aWOWQRUVYM9O + VY O B F
Xd¡ijFHT5O b^XnFHa;M^XdOTHQPXZaWaO B FOWF5¡F5FHb^`ZF5, AB FHME_G.XZQWF
G@RgMcVYp^^R)OPVYXZM^a T)RUM qFK^aPFHbR8 RUOPF5QPM2RgOWV]M^`QPF5FHQPFHM^THF
ZXZY^GFRUM^b#G@R)OPFHQWVRg¬_2bcVYaPp^RUTHVYM^`
RUM^baWT)RUYV]M^`.O B FOWF5nFH
THXdM9OWFHM=O)_dRUp^pcmnV]M^`CaWmnG.F5OPQWV]FHaqXZQ  Uu QWXdORgOWVYXZM^a + V¬ FZÀFHVO B FHQ
R)¡VYaCpFHQPG^OR)OPVYXZM\,
=VY`Z^QPF.{K@8 ÅUÈ\ÚSÝ ËÌjÓ ÐÀÐ7ÚÈ¨É )5Ô5ÐnÖEÜ7ÉËÝÕ ËÌ(ÝCÆ5ÕgÕ)ÉËÒ2)9ÕdÌWÈÐgÈ¨ÇgÆSÐ\ÉËÚ5Ò gÌÐ\Ú gÉËÜ7Õ ËÆ5ÊÉËÒ2)2RÈ¨ÚSÐ7ÆÐ7ÉËÒ2)2R)Ü7ÊÆËÉËÒ2)gÍ
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©#F B RH=F RUp^p^YV]FHb®XZ^QOWFHT B M^Vn^F OWX `ZFHM^FHQSR)OWF =FHQWbRgM9O
RUM^b^aPT)RgpFHa) ACB F THXZG.p^¡ORgOWV]XdMca
RUQPF bcXdM^FXZM®RgM¦k * L
L¬M^b^m B RHnV]M^`Ru.@A@Zz B L o wZw@A@pcQWXnTHFHaWaPXZQ AB F¯QPFHM^bcFHQWV]M^`
VYaRgT B VYF5=FHb@¥VO B RtaPVYM^`ZYFQSRHm.pFHQCp^V¡FH7_¡RUM^bQPF 9^V]QWFHauA@
G.VYM9^OWFHa XdM;R5=FHQSRg`ZFZ
AB F@¢cQPaWOaPTHFHM^FVYa.RRH¥ME_THX)ZFHQPVYMc`#R B VYYfG@RgbcF.XU
{5wY@.@ ^VY]VYM^F)RUQ;p2RgOWT B F5a) AB F,G@RUp^p^V]M^` V]aijVOWOWFHQPFHb =m
G.X9b^VY]m¡VYMc` O B F B FHVY` B O =FHT5OWXZQWa) I RgT B OWF5nFHTHXZM=OSRgVYMca
{x®`ZQSRgaPa ^RUb^FHa RUM^bKaPXZG.FSOPVYG.FHa R  cX)¥ FHQ L¬MyOWXdORU
uduA@.@A@^Rgb^FHaRgMcb  .@A@ cX)¥fFHQPaRgQPFp^QPFHaWFHM9O ACB FtcRUb^FHa
RgQPF
`ZFHM^FHQSR)OPF5b caWV]M^`#p2RgQSRUXd]VYTOPQRgiNFHT5OPXdQPVYFHa)_faPVYG.V]RUQ"OWX
p2RgQWOWV]THYFaWmnaWOWFHG.a)_^¥VYO B O B FtaPFHT5OWVYXZM B RH¡VYM^`
R^]  2a B RUpFZ
: {)uZv tQWFHaPXd]¡OWV]XdM@VYaCcaWFHbÀ
AB F#aWFHTHXZM^b aPTHFHM^F#QWFHpcQWFHaPFHM=OPa[P¡{u aWp2RUTHFHb OWQPFHFHaXdM
RK RgO®RUM^b G@RUb^FXU {K@duUw cVYYV]M^F)RUQ pR)OPT B FHa) ACB F
OWQPF5FHaRgQPF G.Xnb^FHYFHb®^aWV]M^` x VYOWFHQRgOWV]XdMcaXdR  [\aWm¡aOPF5G;_
mnVYFH]b^VYMc`un{KPUw^QSRUM^T B FHaRgMcbxdIZIZx]F)R5=FHa) ACB FQPF5FHQPFHM^THF
ZXZY^G.F@THXdM9ORUVYM^aXZM^F
V]aWXZRgOWFHb OWQPFHFZ k9VYM^THF@O B F
T)RUG.FHQR
VYa =FHQWm THYXZaWF®OWXyO B F¦OWQPFHFHa_ ¥fF B RHZFlORgªZFHM R P¡{u 
ZXZY^G.F5OPQWV]T£QPFHaPXd]¡OWVYXZM + O B F"=XZY^G.FVYaTHXdGp^QWFHaPaPFHbG.XdQPF
O B RUM|Z|¡Ë| , : aWV]M^`ZYFG.X9bcFH«V]a£^aPFHbE_«RUM^b V]a£G.Xnb^V¢2FHb
Rg]XdM^`O B FtOWF5¡FHYa=m
T B RUM^`ZVYM^`O B FaWV LHFZ_cO B FXdQPVYFHM9ORgOWVYXZME_
O B F#pXdaPVOPVYXZM RgMcb O B F;G@R)OPFHQWVRg¬  XdOWFO B F;THXZM=OWV]M9^XZ^a
OWQSRgM^aPVOPVYXZMF5O¬¥fFHFHM
cQO B FHQ£RgM^bTHYXZaWFHQfOWQPFHFHa)
AB F RUaO(F5^RUG.p^YFV]aXdQPFHaWOTHX=FHQPFHbG.XZ^M9ORUVYM^a)_)caWV]M^`
u.PA@.@A@OWQPFHFHaG@RgpcpFHbXZM.R{Hw@Uw"^V]YVYMcFRUQpR)OWT B FHa¯aP^QW\RgTHFZ
ACB FOWF5nOW^QPFVYaTHXZM=OWV]M9cXd^afaPX"O B RgOfO B FQWF5FHQPFHM^THF=Xd]^G.F
B RgaRTSm¡THYV]T£THXZM=OWFHM9O_cTHXZM^aPVYaWOWV]M^`XU«O¬¥fXOWQPFHFHa THYVYpcpFHbXdM
O B FFHb^`ZFHa£XdO B Ft=Xd]^G.FZ ACB FO¬¥ X.OWQPFHFHa"RUQPFt`ZFHM^FHQSRgOWFHb
^aPVYM^`@O B F.aRUG.F  [7am¡aWOWFHG ^aPFHb#XdQO B F.p^QPF5nVYXZ^a"aPTHFHM^FZ_
¥VO B b^VQ-F5QPFHM9Op2RUQRUG.F5OWFHQPa) A F5nOW^QPF THXnXdQPb^VYMR)OPFHa;RUM^b
B FHVY` B ORgQPFijVOOPFHQWFHbÀ ACB FOWQPFHFHaRgQPFaPFHFHM.QPXdG R\RUQ pXdV]M=O
XUnV]F5¥yG.XZaOXUO B F.OWV]G.FZ_c¡OO B FT)RUG.FHQR
aPXdG.F5OPVYG.FHa
`dF5OWaTHYXZaPFHQ8R
uAPdx QPFHaPXd]¡OWV]XdMVYat^aPFHbE  XdOWFO B R)OtO B F
aWTHFHM^FTHXZM=ORUVYMcafRgQPXZ^M^bu.@A@£G.VY]YVYXZMpcQWV]G.VOWVYZFHa + ^QSRUM^T B FHa
RgM^bYF)RH=FHa,S_QPFHp^QWXnb^^THFHa ¢cM^F a B Rgb^X)¥a_`ZV=FHaaWG.XnXUO B
OWQSRgM^aPVOPVYXZM^a#¥ B V]YF LHX9XZG.VYMc`^_¥VYO B =FHQmlYVYOOWYF RUYVRUaPVYM^`c_
^aPVYM^`RaPVYM^`ZYFQSRHmpFHQp^V¡FH7
aba Òc>def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A ¥fX®VYG.pXZQOSRgM9O p^QPXdcYFHG.a Xd
O B F =XdYcG.F5OWQPVYT OWF5nOW^QPF
QWFHpcQWFHaPFHM=ORgOWV]XdM ¥ FHQWFOWF5¡FH£THXZM^aWOWQP^T5OWV]XdM RUM^b G@Rgp^pcVYM^`c
©#F B RHZFp^QPFHaPFHM=OWFHb B FHQPF B X)¥rOPX
THXdM9ZFHQWOZRUQWV]Xdca£caW2RU
QWFHpcQWFHaPFHM=ORgOWV]XdMcaaWcT B RgaG.FHa B FHaXZQ  [7aWmnaWOWFHG.aÀV]M=OWX£OWF5nFH]a
RgM^b B X)¥ OWXb^F5¢cM^FtRUM^b
QPFHM^bcFHQCG@RUp^pFHb.OPF5nFHYa) XZY^G.F5OPQWV]TOWF5nOW^QPFVYaM^X)¥ RTHXZG.p^YF5OWFZ_THXZM==FHM^VYFHM9O
RgM^b FS¤.THVYFHM9OOWXnXZ8R aPTHF5McFV]aTHXZM==FHM^VYFHM9OWm ^cVYORUM^b
RgM^V]G@R)OPFHb^aPVYM^`O B FOWF59OP^QSRgqRgaPpFHT5O_=O B Fp2RgOOWFHQPM.T)RgM.qF
b^FHaPVY`dMcFHb ^aPVYMc`
^aP2RUG.X9bcF5]VYM^`@OPX9XZYa)_ÀO B FQPFHM^b^FHQPVYMc`
VYa
b^XdMcFF5¤.THVYFHM=OPm#¥VO B YX)¥ RUYVRUaPVYM^`
V]M QSRHm9[\OWQSRgTHV]M^`^_¥VO B
O B FTHXdaWOCb^FHpFHM^bcVYM^`G.XZQWFXZM.¡VYaP2RgTHXZG.p^YF5¡VO¬mO B RUMXdM
b2R)OSRTHXZG.p^]F5nVONm=
A F5¡FHYaRUQWF#M^F5=FHQO B FHYFHaPa R OWF59OP^QSRgRgpcp^QWX9RUT B _"RUM^b
O B F5m;T)RgMcM^XUOG.X9b^FHRUYF5nV]aOWV]M^`.XZ¡iNFHT5OPa ACB F5m RgQPFt¥fFH]
aWcVOWFHb XZQO B Fam¡M=O B FHaWV]a"XU¯THXZG.p^]F5QPF5pqFSOPVOWVYZFXd¡ijFHT5OWa)_
O B RgOX9THTHcQV]MG@RgM9maPTHFHM^FHaaWcT B RgaRUM^b^aPT)RUpFHa
: YXdOG.XZQPF£T)RUMaWOWV]YEFcQWXZ^` B OOWXO B FOWF5nFH«¥ XdQPYbÀ§ M^F¯T)RUMVYG@RU`ZVYM^FaPpFHTHVRUYV LHF5bV]M=OWFHQSRUTSOPV=FOWXnXd]aOPX£aPpFHTHVm
XdQ;G@RUM^V]p^^R)OWF O B F QPF5FHQPFHM^THF =Xd]^G.FZ § M®O B F XUO B FHQ
B RgMcbE_ OWF5¡FHYarRgQPFyR McF5¥ RUp^p^QPX=RUT B OPX O B FK]F5ZFH[7Xd][
b^F5ORUVY"p^QPXZ^YFHG k9XZG.F;aWOW^b^V]FHa
G@RHm F#THXZM^b^^T5OPFHb VYM
XdQPb^FHQOWX ^aPFOWF5¡F5]aXZ¡OWaPVYbcF
O B F;aPTHXdpFXd"OWF59OP^QPFHa_RUa
RgM RUOWFHQPM2RgOWF`ZFHXdG.F5OWQPVYTQPFHp^QPFHaWFHM9ORgOWVYXZM OWX FcaWFHb XZQ
b^VYaWORUM=OnVYF5¥pXdV]M=OWa)
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